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Abstract: Freshwater scarcity is a global challenge threatening
human survival, especially for people living in arid regions.
Sorption-based atmospheric water harvesting (AWH) is an
appealing way to solve this problem. However, the state-of-the-
art AWH technologies have poor water harvesting perfor-
mance in arid climates owing to the low water sorption capacity
of common sorbents under low humidity conditions. We report
a high-performance composite sorbent for efficient water
harvesting from arid air by confining hygroscopic salt in
a metal-organic framework matrix (LiCI@MIL-101(Cr)). The
composite sorbent shows (.77 gg~! water sorption capacity at
1.2 kPa vapor pressure (30 % relative humidity at 30°C) by
integrating the multi-step sorption processes of salt chemisorp-
tion, deliquescence, and solution absorption. A highly efficient
AWH prototype is demonstrated with LiCI@MIL-101(Cr) that
can enable the harvesting of 0.45-0.7 kg water per kilogram of
material under laboratory and outdoor ambient conditions
powered by natural sunlight without optical concentration and
additional energy input.

Introduction

Freshwater scarcity is one of the great challenges world-
wide.l'l According to a report from the World Health
Organization (WHO), 2.1 billion people globally lack safe
drinking water at home and 844 million people have no
primary drinking water facility. To quench the thirst of the
world, researchers have developed many water harvesting
technologies, including desalination of seawater and rain-
water collection. However, most regions suffering from water
stress are landlocked and arid, where natural liquid water is
inaccessible. Alternatively, the water source that is moisture
and droplets in the air is considered enough to meet the needs
of people living in arid regions. The amount of this water is
estimated to be 12900 trillion liters, six times higher than that
of the water in the world’s rivers.”) Direct water harvesting
from fog, dew-water collection driven by chillers, and
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sorption-based water capture using sorbent are three major
strategies to realize atmospheric water harvesting (AWH)."
Among them, the fog water collection technology is limited
by strict requirements of high relative humidity (RH),
whereas the dew-water collection technology requires tre-
mendous energy consumption to cool down the air from
ambient temperature to dew-point temperature in an arid
climate. In recent years, solar-enabled water-relative tech-
nologies have attracted much attention for economical
sustainable water harvesting and purification,” therefore,
solar-driven sorption-based AWH is an emerging technology
for low-cost water harvesting from dry air.

According to the different cohesive forces between
sorbents and water vapor, sorption interactions are commonly
divided into physical sorption and chemical sorption. For
most classic solid physical sorbents, such as the porous
materials of silica gels and zeolites, the strong interaction of
the sorbent with water molecules results in a high regener-
ation temperature (7;.>100°C) and thus this process is
difficult to power directly by natural sunlight. Chemical
sorbents, such as hygroscopic salts, usually have higher water
uptakes and lower regeneration temperatures for water
harvesting than physical sorbents,® but can suffer from the
serious drawbacks of corrosion, swelling, and agglomeration.
As a result, the dramatic performance degradation of both
water sorption capacity and sorption kinetics occurs after
several sorption—desorption cycles." To solve these problems,
a family of selective water sorbents “composite salt in porous
matrix” (CSPM) was proposed and adopted for sorption-
based heating, cooling, and AWH, in which the porous matrix
is used to solve the agglomeration and solution leakage of
salts.®*l However, the salt contents of CSPMs are usually low
because of the limitation of the low pore volumes of
traditional porous matrices, such as silica gel, alumina, and
porous carbon. Metal-organic frameworks (MOFs) with “S”-
shaped water sorption isotherm behaviors (easily driven by
small temperature and/or pressure changes) are possible
alternatives to traditional atmospheric water harvesting
materials.'”! The groups of Wang and Yaghi have demon-
strated an atmospheric water harvesting device with MOF-
801 in an arid climate powered by natural sunlight."!! Later,
the AWH device was scaled up from gram scale to kilogram
scale and successfully achieved a water harvesting capacity of
approximately 0.07 kg of water per kilogram of material at
a desert region.'” Recently, the low-cost MOF-303 was
applied in a solar photovoltaic (PV) powered continuous
water harvester, generating 0.7 kg of water per kilogram of
MOF per day after several cycles."*! On the other hand, some
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macroporous hydrogels and aerogels with rich oxygenic
functional groups show high potential for humidity-related
applications, such as energy harvesting from moisture,'* solar
water desalination,'” and AWH.'Y' In comparison with
MOFs, the preparation of these materials is relatively low-
cost and easier, but these materials generally show low water
capture capacity and slow sorption kinetics in arid climates
(RH<30%).

In recent years, research on new porous matrix materials
with large pore volumes inspired the design and development
of new composite sorbents to achieve high sorption capacity
by filling with large amount of salts. Similar to the CSPMs,
several composite sorbents of salt@matrix were reported
to achieve  high-performance ©= AWH, of which
CaCl,@polyacrylamide showed 0.70 gg~' water sorption ca-
pacity at 1.1kPa vapor pressure (35% RH at 25°C)["
CaCl,@alginate showed 1.0 gg ' water uptake at 1.0 kPa
vapor pressure (26% RH at 28°C),"®l and chloride-doped
polypyrrole@N-isopropylacrylamide showed 0.7 gg~' water
sorption capacity at 0.8 kPa vapor pressure (30% RH at
25°C)."! Although hydrogels can supply large pore volumes
to encapsulate hygroscopic salts, they suffer from several
drawbacks including serious swelling,"” low specific surface
area, and low mechanical strength.” Recently, a novel
composite sorbent of LiCl@hollow carbon sphere was re-
ported to achieve multiple water harvesting cycles per day.*!!
Alternatively, porous MOF materials are an optimal choice as
a porous matrix because of their large nanoscale pore volume,
large specific surface area, robust pore structures, and tunable
chemical features. Salt@MOF materials, such as CaCl,@UiO-
66 and CaCl,@MIL-101(Cr), have been described by confin-
ing CaCl, in MOF matrices to achieve a sorption-based heat
transformation, showing 0.67 gg~' and 0.60 gg~' water sorp-
tion capacity at 1.2 kPa vapor pressure (30 % RH at 30°C).*!
However, the complicated multi-step sorption mechanisms of
hygroscopic salts in these composite sorbents have not been
analyzed, and the advanced heat design and energy analysis of
AWH devices needs further investigation for efficient AWH
practical applications.®!

Herein, we firstly established that LiCl is the most
promising inorganic salt for AWH in an arid climate by
evaluating the water sorption performance of typical hygro-
scopic salts. Then, we selected a water-stable MOF, MIL-
101(Cr) (Cr;F(H,0),0(BDC);) (BDC=14-benzenedicar-
boxylate), as the porous matrix because of its extraordinary
pore properties. Afterwards, we developed a novel composite
sorbent by encapsulating LiCl in the MIL-101(Cr), named as
LiCI@MIL-101(Cr). Attributing to the homogeneous nano-
scale pore and large pore volume of MIL-101(Cr), the water
capture/release process of nanoscale LiCl crystals occurs
inside the cages of MOFs with faster water sorption kinetics,
lower regeneration temperature, and excellent cycling stabil-
ity than bulk LiCl. Furthermore, we revealed the multi-step
sorption mechanisms of salt chemisorption, deliquescence,
and solution absorption for water uptake of LiClI@MIL-
101(Cr). Finally, we demonstrated a lab-scale water harvest-
ing device for applications achieving 7.0 kgkg™' water har-
vesting per cycle under the laboratory conditions (standard
one sun irradiation) and achieving 4.5 kgkg ' water harvest-
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ing under natural sunlight (0.5-0.8 kWm ). The proposed
water harvesting device based on LiCI@MIL-101(Cr) can
provide a feasible method to realize highly efficient AWH in
arid regions powered by natural sunlight without optical
concentration or additional energy input.

Results and Discussion
Working Principle of Sorption-Based AWH

For a typical semi-open AWH system, sorbents capture
water from the air during the open phase at night and release
water through desorption during the closed phase at day-
time.”" Therefore, the overall AWH performance depends on
the water sorption—desorption performance of sorbents. To
realize highly efficient water harvesting in an arid climate, the
sorbent requires following characteristics: i) high water sorp-
tion capacity at low humidity (<30% RH), ii) low regener-
ation temperature (< 100°C), iii) fast water sorption—desorp-
tion kinetics, and iv) good cycling stability. Herein, a Cr-based
MOF, MIL-101(Cr), is selected as the porous matrix because
of its large pore volume of 2.0 cm®g ! allowing a high amount
of salt loading, large specific surface area of 4100 m*g
providing large reaction contact area,®! suitable pore diam-
eter of 2.9/3.3 nm for inducing nanoscale crystallization of
LiCl, and robust pore structure with good cycling stability.”!
LiCl s selected as the active salt encapsulated inside the MOF
because it has the highest water harvesting capacity among
typical hygroscopic salts under arid AWH working conditions
(1.2 kPa at 30°C for water sorption and 4.2 kPa at 80°C for
water desorption) (see Figure S4). Two LiCI@MIL-101(Cr)
composite sorbents with a low salt content of 33 wt% and
a high salt content of 51 wt% were prepared, named as
LiCI@MIL-101(Cr)_33 and LiCI@MIL-101(Cr)_51, respec-
tively (Table S1).

This water sorption-desorption cycle is elaborated in the
isosteric cycle diagram for a typical arid climate (see Fig-
ure 1b), together with theoretical water sorption equilibrium
lines of dilute LiCl solutions, saturated solution, and LiCl
crystal. The chemical reaction equilibrium of LiCl-H,O
dehydration can be expressed as Equation (1),

P, 8668.18
vapor _
In P, ~ (T+273.15) 4In(T + 273.15) + 44.589 1)

where the unit of water vapor pressure is kPa, and the unit of
temperature is °C.

Before the water release and collection, the composite
sorbent captures water from arid air at 1.2 kPa vapor pressure
(30% RH at 30°C) and reaches its water sorption equilibrium
at point A where the LiCl solution concentration is 37 %. This
finding indicates that a LiCl solution with a concentration
below 37% is desirable during the sorbent preparation
process to avoid solution leakage in working process. During
the water desorption process, the sorbent is heated from point
A to point B and releases a small amount of water to make the
vapor pressure of the device increase from its water sorption
pressure of 1.2 kPa to a saturated pressure of 4.2 kPa for
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Figure 1. Working principle of sorption-based AWH using LiCI@MIL-101(Cr) composite sorbents. a) Schematic of the multi-step water sorption/
desorption processes of LiCI@MIL-101(Cr). The green frameworks of spheres represent cages of MIL-101(Cr) and the yellow parts represent LiCl,
LiCl-H,0, or LiCl solution. Solid chemisorption, solid—liquid deliquescence, and liquid absorption processes during the water sorption phase at
night and liquid evaporation, liquid—solid crystallization, and solid chemical desorption during the water harvesting phase in the daytime are
shown. b) Isosteric cycle states of the multi-step three-phase processes of LiCl during water sorption—desorption steps: A-B, preheating process;
B—C, evaporation of LiCl solution and three-phase stage crossing point C from the left side (liquid state) to the right side (solid state); C-D,
crystallization of LiCl-H,0 and chemical desorption of LiCl-H,O crossing point D from the left side to the right side; D-A, water capture from
ambient air by solid chemisorption, solid—liquid deliquescence, and liquid absorption processes. Point A represents the typical water capture
conditions in arid regions of 30°C and 1.2 kPa vapor pressure (30% RH at 30°C), where LiCl exists as 37% LiCl solution. Point D represents the
general water release conditions of 85°C and 4.2 kPa vapor pressure, where LiCl exists as an anhydrous salt crystal.

water condensation at 30°C. Then, the water continuously
evaporates from dilute solution on increasing the temperature
of the salt solution (from point B to point C), and the pressure
remains stable at 4.2 kPa, controlled by a stable condensation
temperature of 30 °C. Once the sorbent temperature is higher
than the equilibrium temperature of three-phase point C
(78°C), the liquid LiCl solution will crystalize to become solid
LiCI-H,O. Afterwards, if the heating temperature is further
increased to be higher than that of point D (85°C), the
coordination bond between water and LiCl will rupture and
the last mole of water will be released from LiCI-H,O to
generate anhydrous LiCl (see Figure S5). This cycle shows the
reversible multi-step three-phase sorption-desorption pro-
cesses of AWH using LiCl. The solid chemical sorption—
desorption, solid-liquid deliquescence/crystallization, and
liquid absorption/evaporation of LiCl results in a large water
capture-release potential from a relatively small temperature
change of between 30 and 85°C.

Design and Characterization of LiCI@MIL-101(Cr)

The synthesis and morphologic characterization of LiCl@-
MIL-101(Cr) composite sorbent is shown in Figure 2. The
novel composite sorbent is synthesized by a post-synthesis
method as shown in Figure 2a (see details in the Supporting
Information). Firstly, pure MIL-101(Cr) is prepared by the
hydrothermal reaction method.” Then, LiCl is added into
the MIL-101(Cr) suspension with stirring overnight to allow
chloride and lithium ions to infiltrate into the cages of MIL-
101(Cr). The excess LiCl solution outside of MIL-101(Cr) is
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removed by centrifugation, followed by a surface washing to
remove excess LiCl solution adhered onto the external
surface of MIL-101(Cr). After heating at 100°C, the anhy-
drous LiCI@MIL-101(Cr) composite sorbent is obtained. The
prepared pure MIL-101(Cr) matrix exists as a micrometer-
scale crystal aggregation (see SEM image in Figure 2b) and is
composed of an ordered nanopore structure (see TEM image
in Figure 2c¢). The SEM image of the LiCI@MIL-101(Cr)
composite sorbent shows that the active LiCl is well
encapsulated inside the cages of the MIL-101(Cr) matrix
and there are a large number of interspaces among crystal
aggregations of MIL-101(Cr) (see Figure 2d). After encap-
sulation of the salts into the cage of MIL-101(Cr), most pores
of the MIL-101(Cr) matrix are occupied by LiCl and only
a few pores can be seen in the TEM image (see Figure 2e).
Elemental-distribution mapping with energy-dispersive X-ray
spectrometry (EDX) reveals the uniform distribution of LiCl
in the composite sorbent (see SEM-EDX image in Figure 2 f
and TEM-EDX image in Figure S6).

Powder X-ray diffraction (PXRD) patterns show that the
composite sorbent with a low salt content of 33 wt%
(LiCl@MIL-101(Cr)_33) has no additional peak character-
istic of LiCl or LiCl-H,O, indicating that LiCl is nearly
completely confined inside the pores (see Figure S7). How-
ever, the composite sorbent with a high salt content of
51 wt% (LiCI@MIL-101(Cr)_51) has apparent LiCl peaks,
which shows that some salt adheres on the external surface of
MIL-101(Cr) (see Figure S7). Moreover, the addition of LiCl
improves the hydrophilicity of MIL-101(Cr) (see Figure S8).
The nitrogen gas adsorption isotherm shows that the LiCl@-
MIL-101(Cr) composite sorbent has a Brunauer-Emmett—
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Figure 2. Synthesis and morphologic characterization of LiCI@MIL-
101(Cr) composite sorbent. a) Schematic illustration of the fabrication
process of LiICI@MIL-101(Cr). Dark cyan polyhedral, Cr; red, O; grey,
C; blue, Li; green, Cl. b) SEM image of pure MIL-101(Cr). c) TEM
image of pure MIL-101(Cr). d) SEM image of LiCI@MIL-101(Cr).

e) TEM image of LICI@MIL-101(Cr). f) Elemental mapping with EDX
showing the homogeneous distribution of LiCl in MIL-101(Cr) matrix.
g) N, gas adsorption—desorption isotherms of MIL-101(Cr) and LiCl@-
MIL-101(Cr)_51 at 77 K. h) Variable-temperature FTIR patterns of
LiICI@MIL-101(Cr)_51 under different temperatures with a vapor pres-
sure of 2.3 kPa.

Teller (BET) surface area as high as 1179 m” per gram MOFs
and a large Barrett-Joyner—Halenda (BJH) pore volume of
0.69 cm® per gram MOFs even at a high salt content of
51 wt % (see Figure 2g). The BET and BJH values of the pure
MIL-101(Cr) matrix are 3311 m*g ' and 1.71 cm®g !, respec-
tively, indicating that approximately 60 % of the pore space of
the MIL-101(Cr) matrix is occupied by LiCl and 40 % of the
space remains to allow mass transfer and storage of water
during the AWH process. Therefore, although some salt
adhered onto the external surface of the MOF, the majority of
the water sorption process occurs inside the pores and the
captured liquid water can be stored in the MOF matrix
without leakage under AWH conditions (see ESEM images in
Figure S9, optical images in Figure S10, and dynamic water
sorption in Video S1). Moreover, variable-temperature Four-
ier transform infrared spectroscopy (FTIR) shows the chem-
ical bonds of MIL-101(Cr) and hydrogen bonds of water in
LiCI@MIL-101(Cr) (see Figure 2h). The chemical bonds in
the composite sorbent correspond to those in the pure MOF
(see Figure S11), confirming that there is no chemical
interaction between MIL-101(Cr) and LiCl in the composite
sorbent. The higher intensity of the bands corresponding to
hydrogen bonding of the composite sorbent indicates a higher
water sorption capacity than that of pure MIL-101(Cr). The
disappearance of the band corresponding to the coordinated
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water of MIL-101(Cr) for the composite sorbent (band at
3600 cm ') reveals that the LiCl crystallized near metal-ion
clusters during the post-synthesis process.

Evaluation of Water Vapor Sorption Performance

The water sorption—desorption isotherms, water sorp-
tion—desorption isobars, water sorption kinetics, and water
sorption/desorption cycling stability of the LiCI@MIL-101-
(Cr) composite sorbent are shown in Figure 3. Firstly, the
water sorption isotherms of pure MIL-101(Cr) and LiCl@-
MIL-101(Cr) composite sorbents were compared to optimize
the amount of salt content in the LiCI@MIL-101(Cr) compo-
site sorbent. Pure MIL-101(Cr) has an “S-shaped” sorption
isotherm and an inflection of water uptake appears during the
relative pressure ranging from 40 to 50 % RH (see Figure 3 a).
This finding suggests that pure MIL-101(Cr) is not suitable for
AWH in arid climates (<30% RH) because of its very low
water uptake. On the contrary, the LiCI@MIL-101(Cr)
composite sorbent shows high water uptake under AWH
conditions. Higher salt content is desirable for the composite
sorbent but brings the risk of solution leakage during the
water sorption process. Therefore, the common challenge of
preparing a composite sorbent is to achieve optimal salt
content. The LiCI@MIL-101(Cr) composite sorbent with low
salt content (e.g. LiCI@MIL-101(Cr)_33) displays an ordinary
water uptake under AWH conditions (~0.3gg ' at 30%
RH) and the large pore volume of the MIL-101(Cr) matrix is
not fully utilized at low RH, and it makes a positive
contribution to water uptake until the RH reaches 40%.
The salt content is majorly dependent on the concentration of
the salt solution, therefore, the optimal solution concentra-
tion can be determined according to the water sorption
equilibrium characteristics of LiCl as shown in Figure 1b. The
composite sorbent with a salt content of 51 % was synthesized
by using the salt solution with a concentration of 37%. To
avoid solution leakage, we have provided a guideline for the
preparation of LiCI@MIL-101(Cr) with suitable salt contents
under different humidity conditions (see Figure S12). LiCl@-
MIL-101(Cr)_51 shows a high sorption capacity of 0.77 gg™*
under AWH conditions (30 % RH at 30°C), approximately 15
times higher than that of pure MIL-101(Cr), where all of the
pores of the MOFs matrix are fully occupied by water without
any solution leakage (see optical images in Figure S10, and
dynamic water sorption in Video S1).

Pure LiCl shows much higher equilibrium water uptake
than the composite sorbents, however, it suffers from slow
water sorption kinetics and poor cycling stability, thus limiting
direct applications in AWH. Moreover, pure LiCl powders
would become bulk agglomerated crystals after several
sorption cycles, and even lose water sorption capacity because
of the very low mass transfer. The LiCI@MIL-101(Cr)
composite sorbent shows faster water sorption kinetics than
bulk LiCl during the water capture and release processes
because of the mass-transfer enhancement by the high-
porosity MOF matrix (see Figure 3b). This finding is further
confirmed by comparison of the sorption kinetics of the
composite sorbent with pure LiCl with different thicknesses
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Figure 3. Water vapor sorption performance of LiICI@MIL-101(Cr) composite sorbent. a) Water sorption—desorption isotherms of pure MIL-
101(Cr) and LiCI@MIL-101(Cr) with different salt contents of 33 and 51 wt% at 30°C. b) Dynamic water sorption—desorption of pure LiCl and
LiCl@MIL-101(Cr)_51 at 1.2 kPa/30°C and 4.2 kPa/83 °C. c) Water sorption—desorption isobars at 1.2 and 4.2 kPa vapor pressure showing multi-
step desorption processes during water release phase. Step 1: water sorption capacity slowly decreasing as result of the evaporation of LiCl
solution with increasing temperature from room temperature to 76 °C; Step 2: water sorption capacity sharply decreasing caused by the
crystallization of LiCl-H,O at 76 °C; Step 3: water sorption capacity sharply decreasing owing to the chemical desorption of LiCl-H,0O at 83°C. The
sorption—desorption isobars can be used to provide a guideline on the different cycled sorption capacities of LICI@MIL-101(Cr) at different
constraining temperatures. d) Comparison of water sorption capacities of MOFs and MOF-based composite sorbent.

(see Figure S13 and Table S2). Moreover, the effects of
packing density on the water sorption kinetics are also
investigated, and the results show that the sorption kinetics of
the composite sorbent become slow when its packing density
is higher than 1.2 gcm™ (see Figure S14). FR-SEM images
show that the composite sorbent can keep a stable structure
before and after many cycles of AWH in an arid climate (see
Figure S15), and it maintains high water sorption capacity and
fast sorption kinetics after many repeated sorption—desorp-
tion cycles (see Figure S16). Thus, the composite sorbent is
able to achieve several AWH cycles in one day, with the aim
of improving the amount of water harvesting from air,
because it can reach sorption equilibrium within 3 hours
and release water within 1 hour.

Furthermore, the water sorption/desorption isotherms of
the LiCI@MIL-101(Cr) composite sorbent show that it has
the distinct advantage of integrating the multi-step sorption
processes of salt chemisorption, deliquescence, and solution
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absorption at different water vapor pressures (see Fig-
ure S17). Figure 3¢ shows the water sorption isobar of
LiCI@MIL-101(Cr) at 1.2 kPa and its water desorption isobar
at 4.2 kPa. The water release process for AWH applications
can be regarded as quasi-equilibrium isobaric processes
controlled by stable condensation pressure and temperature.
Accordingly, the maximum water harvesting capacity is
predicted to be as high as 0.77 gg~' under typical arid working
conditions (30% RH at 30°C). We observed that two
inflection points of water sorption—desorption occur at 0.22
and 0.50 gg ', respectively, for both water sorption/desorp-
tion isotherms and isobars, corresponding to the chemical
sorption/desorption, deliquescence/crystallization, and ab-
sorption/evaporation of the multi-step water sorption/desorp-
tion processes. Moreover, the dynamic water sorption at
stepwise humidity conditions also confirmed the multi-step
sorption mechanism of LiCI@MIL-101(Cr) under low and
high humidity conditions (see Figure S18). The chemisorption
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of LiCl has faster sorption kinetics than that of deliquescence
and absorption, and the water harvesting contribution by
water absorption of LiCl solution becomes large with
increasing humidity, whereas the chemisorption of LiCl and
the deliquescence of LiCl-H,O remain almost constant.

The absorption/evaporation process makes a greater
contribution to the water uptake of the composite sorbent
at 4200 Pa vapor pressure than that at 1200 Pa vapor pressure
owing to the higher solubility of LiCl in water at higher
temperature. Moreover, we found that the reaction enthalpy
of LiCI@MIL-101(Cr) during the water hydration—dehydra-
tion process varies nonlinearly with water uptake and it is
approximately 45-65 kJ per mole of water (see Figure S19).
The LiCI@MIL-101(Cr) composite sorbent has slight adsorp-
tion—desorption hysteresis for water capture and water
release at different operating conditions (see Figure S20 and
Figure S21). In addition, we provide the water sorption
isotherms of LiCI@MIL-101(Cr) at different pressures and
temperatures for the evaluation of AWH performance in
different arid regions (see Figure S22).

We also found that the chemical desorption temperature
of LiCI'H,O slightly reduces from 85 to 83°C when it is
encapsulated in a MIL-101(Cr) matrix by comparing the
equilibrium temperature of bulk LiCl-H,O (see Figure 1b)
with the chemical desorption temperature of LiCl@MIL-
101(Cr)_51 (see Figure 3c). On the contrary, the chemical
desorption temperatures of the composite sorbents of Ca-
(NO;),@Silica gel and CaClL,@SBA-15 are reported to be
higher than those of the bulk salts owing to the increase of the
surface energy of the salt crystals.” To confirm this unusual
finding, we measured and compared the water vapor sorp-
tion—desorption isobars of pure LiCl and composite sorbent
(see Figure S23), and found that pure LiCl has large sorption—
desorption hysteresis and its deliquescence/crystallization
process simultaneous occurs with chemical sorption/desorp-
tion reactions. The thermogravimetric (TG) curves show that
the dehydration temperature of chemical desorption for pure
LiCI'‘H,O becomes much higher when the crystallization
process of LiCl simultaneously occurs. This is because the
crystallization process firstly starts at the surface to generate
a compact solid surface layer and thus makes the dehydration
kinetics much slower, appearing as the increase of dehydra-
tion temperature (see Figure S24). On the contrary, the
crystallization of LiCl inside MIL-101(Cr) becomes easier
and results in fast dehydration kinetics and low regeneration
temperature. To the best of our knowledge, the developed
LiCI@MIL-101(Cr) composite sorbent shows higher water
uptake capacity than other recently reported water sorption
MOFs and MOF-based composite sorbents under arid AWH
conditions (see Figure 3d).""?") These indications confirm
that LiCI@MIL-101(Cr) composite sorbent is a potential
candidate for achieving highly efficient AWH owing to its
distinct advantages of high water sorption capacity at low
humidity, relatively low desorption temperature, fast water
sorption—desorption kinetics, and good cycling stability. Addi-
tionally, because the price of the Cr-based MOF is relatively
cheap (see costs comparison in Table S4), the composite
sorbent shows promising potential for large-scale AWH
applications.
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Demonstration of Atmospheric Water Harvesting

Atmospheric water harvesting from arid air under
laboratory conditions powered by one sun irradiation is
demonstrated in Figure 4. An all-in-one lab-scale water
harvesting device is designed (see Figure 4a) and the
composite sorbent is treated by carbon black as a light-
absorbing layer to improve light-absorbance performance
(see details in the Supporting Information). The LiCI@MIL-
101(Cr)-C composite sorbent has a high light absorbance of
approximately 96-98 %, and thus the heat-collection temper-
ature is improved, but this material displays slightly lower
sorption kinetics (see Figures S25-S27). Considering the
effects of packing density on the water sorption kinetics
(see Figure S14), the loose composite sorbent powder was
directly put onto the polystyrene foam with a low packing
density of 0.6gcm™>. The thermal conductivity of the
composite sorbent is relatively low (see Figure S28 and
S29), therefore, the packing thickness was limited at 2 mm
to assure fast mass and heat transfer inside the composite
sorbent. The dynamic water capture-release tests show that
the composite sorbent has faster water sorption kinetics than
the pure salt and it can reach sorption equilibrium within
10 hours in a constant temperature and humidity chamber
under arid working conditions of 30% RH at 30°C without
forced air convection (see Figure S30). Moreover, we found
that there is no leakage of salt solution after overnight water
vapor sorption, indicating the MOFs matrix can totally retain
salt solution under these conditions (see optical photos in
Figure 4a and ESEM images in Figure S9). The dynamic
water harvesting process is observed by optical microscope
(see Video S2) and the amount of water captured from the air
is recorded by a weighting sensor.

During the water release and collection phase, the device
is sealed and exposed to a solar simulator with 1 kWm™?
radiant fluxes (see Figure S31) to heat the sorbent from room
temperature to its desorption temperature. The dilute LiCl
solution firstly desorbs water vapor and causes the increase of
air humidity near the sorbent (see Figure 4b). Owing to the
occurrence of the vapor pressure difference between the air
near the samples and the air near the condenser, the
humidified moisture flows from the top to the bottom of the
device. Concomitantly, the humidity of the air near the
condenser rapidly increases from room humidity (point 1) to
saturated condensation pressure (point 3, see blue line in
Figure 4b). With the light heating, the temperature of sorbent
increases quickly from 30°C (point 1) to 97°C (point 2, see
red line in Figure 4b), whereas the condensation temperature
increases slightly (~3°C) as shown in Figure 4c, indicating
that the heat-dissipation power is enough to cool down the
hot moist air to room temperature at this stage (see detailed
condenser structure and energy analysis in Figure S32). The
difference in vapor pressure between the air near the sorbent
(see red line in Figure 4d) and the air near the condenser (see
blue line in Figure 4d) becomes large and drives the
moistures to quickly flow from the top to the bottom of the
device (see Figure 4d), resulting in the fast condensation of
water vapor.
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Figure 4. Atmospheric water harvesting under laboratory conditions powered by one sun irradiation. a) Photos of the AWH prototype with
LiCl@MIL-101(Cr)-C composite sorbent, showing the structure of the all-in-one lab-scale water harvesting device and the color change of sorbent
before and after water capture. b) Psychrometric chart showing the recorded state change of air during water release-condensation processes: 1—
2, air near the sorbent heated from room temperature to water desorption temperature; 2-3, air flowing from sorbent to condenser driven by
pressure difference together with temperature decrease and condensation occurrence. 1-3, air near the condenser humidified from arid state to
saturated state with slight temperature increase. c) Representative temperature profiles for composite sorbent temperature, condenser
temperature, and relative humidity of air near the condenser over time. d) Mass of sorbent over time and vapor pressure of air near the sorbent
and condenser over time, showing AWH capacity as high as 0.7 kgkg™' under one sun irradiation. A movie showing water collection process is

provided in Video S2.

The heating temperature (95°C) is higher than the
chemical desorption temperature of LiCI-H,O (85°C) under
the solar simulator (1 kWm?), therefore, the composite
sorbent can thoroughly release all captured water to become
anhydrous LiCI@MIL-101(Cr)-C. Efficient AWH of
0.70 kgkg ' materials within 100 minutes is achieved, which
is much higher than other reported lab-scale AWH devices
(usually < 0.4 Kgyuer/KEorvent)-

We also performed outdoor experiments with the lab-
scale AWH device for water collection in December 17, 2018,
on a rooftop at the campus of Shanghai Jiao Tong University
(SJTU) to validate the feasibility of the proposed AWH
device based on the LiCI@MIL-101(Cr)-C composite sorbent
(see photo in Figure S31). The local climate in Shanghai is
moist all year round and it was impracticable to achieve the
typical arid conditions for water vapor sorption in outdoor
experiments (see Figure S33). Thus, we used a constant
humidity chamber to simulate the arid climate (30% RH at
30°C) and performed the water sorption overnight inside the
chamber. Then, we moved the water harvesting device to the
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outdoor location to perform the water harvesting experiment.
The device was closed and exposed under practical solar
irradiance without optical concentration. The water release—
condensation started within 30 minutes and finished within
180 minutes as shown by photos taken at different operating
times (see Figure 5a), wherein most of the water condensa-
tion occurs from the 11:30 to 13:00 time points. The sorbent
temperature sharply increases from ambient temperature to
70°C with heating by solar flux varying between 0.6 and
0.8kWm™ (see Figure 5b). The water released by the
composite sorbent causes an increase of the partial pressure
of water vapor in the air near the sorbent, and the mass
change of the composite sorbent before and after water
release is used to calculate the amount of water harvested
from the air (see Figure Sc). The driving temperature is not
high enough for the chemical desorption of LiCl-H,O, there-
fore, the experimental result is slightly lower than the
predicted value from the water sorption isobars of the
composite sorbent (see Figure 3d). The AWH device collect-
ed 4.5 g water by using 10 g sorbent within 90 minutes in the
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Figure 5. Atmospheric water harvesting under practical solar irradiation. a) Optical images of the surface of the water harvesting device at
different times during the water collection process. b) Representative temperature profiles for sorbent temperature, condenser temperature, and
solar irradiation intensity over time. c) Mass of sorbent over time and vapor pressure of air near the sorbent and condenser over time. A movie

showing water collection process is provided in Video S3.

outdoor experiments, realizing 0.45 kgkg' and 0.40 Lm?

water harvesting capacity per cycle under arid water sorption
conditions (30% RH at 30°C) and solar-driven desorption
conditions (70°C and 3.7 kPa vapor pressure) without optical
concentration. Further analysis of the energy balance and
heat flux of the AWH device was performed. The average
heat loss by heat radiation to the sky was 121.9 Wm ™ and the
average heat loss by heat convection to the air was
191.7 Wm™2. The photothermal conversion efficiency was as
high as 42.7% at the average solar flux of 719 Wm? (see
detailed analysis in the Supporting Information and
Figures S34,35). The quality of collected water by this lab-
scale AWH device is examined by measuring the concen-
trations of primary ions with ICP-OES and ion chromatog-
raphy (see Table S3 and Table S4), and the results show that
the collected water reaches the guided drinking-water quality
by the WHO.P"!

Conclusion

In summary, LiCl was found to be the most promising
candidate of typical hygroscopic salts for atmospheric water
harvesting (AWH) in arid climates. To solve the issues of low
water sorption kinetics, high water desorption temperature,
and poor cycling stability, we developed a novel composite
sorbent by confining LiCl inside a porous metal-organic
framework (MOF) matrix of MIL-101(Cr). Benefiting from
the integration of the multi-step three-phase sorption pro-
cesses of solid salt chemisorption, solid-liquid deliquescence,
and liquid solution absorption, the LiCI@MIL-101(Cr) com-
posite sorbent has the distinct advantage of a high water
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sorption capacity at low humidity. The nanoscale pores of the
MIL-101(Cr) matrix can provide enough space for water
storage and induce nanoscale LiCl crystals with fast water
sorption/desorption kinetics, relatively low regeneration tem-
perature, and excellent cycling stability. The composite
sorbent exhibits a high water sorption capacity of 0.77 gg~!
under typical arid working conditions (30 % RH at 30°C). To
our knowledge, this is the highest value among reported
MOFs and MOF-based composite sorbents for AWH under
arid working conditions. We further demonstrated a lab-scale
AWH device with LiCI@MIL-101(Cr) capable of high AWH
performance with 0.70 kgkg ' materials under laboratory
conditions (1.0 kWm™) and 0.45kgkg' under outdoor
natural sunlight conditions (0.5-0.8 kWm™?), together with
a short water collection duration of within 100 minutes. This
demonstration suggests that a solar-driven water harvesting
device based on the LiCI@MIL-101(Cr) composite sorbent is
a promising way to solve water scarcity in arid regions
powered by natural sunlight without additional energy input.
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